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Abstract 

The  effect  of  employing  a  porous  carbon  plate  on  the  performance  of  a  passive  direct  methanol  fuel  cell  (DMFC)  under  closed  circuit  conditions 
was  investigated.  The  porous  carbon  plate  and  a  CO2  gas  layer  that  formed  between  the  anode  and  the  porous  plate  stably  controlled  the  mass  transfer 
of  the  methanol  and  water  from  the  reservoir  to  the  anode,  which  made  operation  with  very  high  concentrations  of  methanol,  even  neat  methanol, 
possible.  The  i-V  and  i-t  performances  of  the  DMFC  with  and  without  the  porous  plate  were  measured  at  different  methanol  concentrations,  and 
the  performances  were  compared.  The  maximum  power  density,  24  mW  cm-2  at  room  temperature,  obtained  at  2  M  without  the  porous  plate  was 
reproduced  at  16  M  with  the  porous  plate.  Also,  the  methanol  crossover  flux  and  water  flux  through  the  MEA  was  evaluated,  and  the  Faraday 
efficiencies  of  the  DMFC  with  and  without  the  porous  carbon  plate  were  analyzed.  When  high  concentrations  of  methanol  were  used  with  the 
porous  plate,  it  was  confirmed  that  the  Faraday  efficiency  remained  high,  and  the  back  diffusion  of  water  from  the  cathode  to  the  anode  through  the 
membrane  occurred  which  resulted  in  no  flooding  at  the  cathode,  contrary  to  the  case  without  the  porous  plate.  By  increasing  the  distance  between 
the  anode  and  the  porous  plate,  the  power  density  decreased,  suggesting  that  the  distance  of  the  CO2  layer  played  an  important  role  in  obstructing 
the  mass  transport. 

©  2006  Elsevier  B.Y.  All  rights  reserved. 
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1.  Introduction 

There  has  been  an  increasing  demand  for  the  development  of 
direct  methanol  fuel  cells  (DMFCs)  [1-8]  because  of  their  high 
energy  densities  that  are  suitable  for  mobile  electric  devices  and 
automobiles.  However,  the  energy  density  of  the  DMFCs  cur¬ 
rently  under  development  is  still  far  from  that  expected  due  to 
the  methanol  crossover  (MCO)  and  the  high  overvoltage  at  the 
electrodes  [9-12].  Due  to  the  methanol  crossover,  the  DMFC 
usually  shows  the  highest  performance  at  low  concentrations 
of  methanol  from  2  to  3  M  [13,14]  under  active  conditions  and 
about  5M  [15-17]  under  passive  conditions.  To  overcome  the 
methanol  crossover,  a  large  number  of  studies  [1 8-22]  have  been 
carried  out  for  developing  a  new  proton-conducting  membrane 
with  a  low  methanol  permeability  and  high  proton  conductiv¬ 
ity.  Modification  of  the  existing  membranes  like  Nafion  has  also 
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been  conducted  by  making  it  a  composite  membrane  [23-25] 
with  inorganic  or  organic  materials,  surface  modification  by 
physical  treatment  [26]  or  by  coating  the  surface  with  a  thin 
film  [27-29] .  Only  a  few  papers  have  considered  the  reducing 
ability  of  methanol  crossover  by  mass  transport  control  in  the 
backing  layer  [30-32]. 

Another  problem  that  decrease  the  DMFC  power  output, 
especially  encountered  in  passive  DMFCs  with  air  breathing,  is 
the  flooding  at  the  cathode  [33,34].  The  accumulation  of  water 
at  the  cathode  causes  a  decrease  and  unstableness  in  the  per¬ 
formance  where  the  water  blocks  the  openings  of  the  porous 
cathode.  The  water  at  the  cathode  includes  water  produced  by 
the  oxygen  reduction  reaction,  and  that  transported  with  protons 
from  the  anode  as  well  as  that  generated  by  the  oxidation  of 
methanol  that  permeated  through  the  membrane.  The  water  has 
to  be  then  smoothly  removed  from  the  cathode,  or  it  should  be 
controlled  [35,36]. 

The  authors  demonstrated,  in  previous  papers  [30,31],  that 
a  passive  DMFC  with  a  porous  plate  as  a  support  significantly 
reduced  the  methanol  crossover  and  constantly  regulated  the  cell 
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temperature.  The  mechanism  of  reducing  the  MCO  was  success¬ 
fully  explained  by  the  diffusion  control  of  the  methanol  through 
the  porous  plate.  The  transport  and  separation  of  methanol  and 
water  through  the  MEA  with  a  porous  plate  under  open  cir¬ 
cuit  conditions  were  dependent  on  the  properties  of  the  porous 
material,  i.e.,  thickness,  porosity  and  water  absorptivity  of  the 
porous  material.  It  is  expected  that  the  DMFC  employing  the 
porous  plate  can  be  efficiently  operated  at  high  methanol  con¬ 
centrations  and  effectively  achieve  a  high  energy  density  for  the 
DMFC  systems. 

In  this  study,  it  was  investigated  how  the  employment  of  a 
porous  plate  in  a  DMFC  affects  the  performance  under  closed 
circuit  conditions.  A  porous  carbon  plate  was  placed  on  the 
anode  side  and  used  to  control  the  mass  transfer  from  the 
methanol  reservoir  to  the  anode.  The  i—V  and  i-t  performances 
at  different  methanol  concentrations  ranging  from  1  to  24.7  M 
(neat  methanol),  were  measured  for  the  DMFC  with  and  without 
the  porous  plate  and  their  performances  compared  to  each  other. 
Also,  in  the  i-t  experiment,  the  methanol  flux  and  water  flux 
through  the  membrane  electrode  assembly  (MEA)  and  Faraday 
efficiency  were  evaluated  at  different  methanol  concentrations. 
At  the  same  time,  the  effect  of  the  distance  between  the  anode 
surface  and  porous  plate  on  the  performance  was  investigated. 
The  mechanism  of  the  cell  performance  with  the  porous  plate 
was  then  discussed  based  on  the  mass  transfer  of  the  methanol 
and  water  at  the  anode. 

2.  Experimental 

2.7.  MEA  preparation 

The  conventional  MEA,  which  uses  carbon  cloth  (35%  Tefl- 
onized,  ElectroChem,  Inc.)  as  the  anode  and  cathode  backing 
layers,  was  prepared  in  the  following  manner.  Pt  black  (HiSPEC 
1000,  Johnson  Matthey  Fuel  Cells  Co.  Ftd.)  and  Pt-Ru  black 
(HiSPEC  6000,  Johnson  Matthey  Fuel  Cells  Co.  Ftd.)  were  used 
as  the  catalyst  for  the  cathode  and  anode,  respectively.  The  cata¬ 
lyst  ink  was  prepared  by  dispersing  an  appropriate  amount  of  the 
catalyst  in  a  solution  of  deionized  water,  isopropyl  alcohol,  and 
5  wt.%  Nation  solution  (Wako,  Inc.).  The  ink  was  then  coated  on 
the  carbon  cloth  to  make  the  electrodes.  The  catalyst  loading  was 
10  mg  cm-2  for  each  electrode,  and  the  ionomer  loading  of  the 
catalyst  was  10  wt.%  for  the  cathode  and  15  wt.%  for  the  anode. 
Nation  112  was  used  as  the  electrolyte  membrane.  The  MEA 
was  then  fabricated  by  sandwiching  the  membrane  between  the 
anode  and  the  cathode  and  hot  pressing  them  at  408  K  and  5  MPa 
for  3  min. 

2.2.  Porous  plate 

A  porous  carbon  plate,  denoted  as  PCP  hereafter,  with  a 
2.0  mm  thickness  made  of  a  composite  of  amorphous  and 
graphite  carbons,  supplied  from  Mitsubishi  Pencil  Co.  Ftd.,  was 
used  in  this  study.  The  micro  structure  of  the  PCP  measured  using 
a  mercury  porosimeter,  (Pascal  140  +  440,  Thermo  Finnigan, 
Inc.),  revealed  that  it  had  a  0.543  cm3  g-1  in  total  cumulative 
pore  volume  and  42.3  p,m  average  pore  diameter  and  0.417  total 
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Fig.  1.  Schematic  diagram  of  the  passive  DMFC  with  or  without  the  porous 
plate. 

porosity.  The  PCP  was  hydrophobic  and  its  water  absorptivity 
defined  in  our  previous  paper  [31]  was  nearly  zero. 

2.3.  Passive  DMFC  with  or  without  PCP 

MEA  with  or  without  the  porous  plate  was  placed  in  a  plas¬ 
tic  holder  as  shown  in  Fig.  1.  In  the  anode  compartment,  a 
methanol  reservoir,  7  cm3,  was  arranged.  The  MEA  was  sand¬ 
wiched  between  two  current  collectors,  which  were  stainless 
steel  plates  of  2  mm  thickness  with  open  holes  for  the  passages 
of  fuel  and  oxidant.  The  open  ratio  of  the  area  for  the  active 
electrode  was  73%.  As  a  result  of  this  configuration,  methanol 
had  to  pass  through  the  porous  plate  then  through  the  openings 
of  the  anode  current  collector.  Under  closed  circuit  conditions, 
the  openings  of  the  anode  current  collector  was  filled  with  CO2 
gas  which  is  enclosed  between  the  porous  plate  and  the  anode. 
Therefore,  a  layer  of  CO2  gas  was  formed  between  the  porous 
plate  and  the  anode,  and  the  gas  layer  obstructs  methanol  trans¬ 
port  from  the  reservoir  to  the  anode.  On  the  other  hand,  in  the 
case  of  no  PCP,  CO2  easily  escaped  through  the  opening  of  the 
anode  current  collector  into  the  methanol  solution  as  bubbles 
without  preparing  the  CO2  gas  layer,  and  the  solution  is  directly 
attached  to  the  anode.  Oxygen,  from  the  surrounding  air,  dif¬ 
fused  into  the  cathode  catalyst  layer  through  the  openings  of  the 
cathode  current  collector. 

2.4.  Measurement  of  the  cell  performance 

In  this  study,  all  the  experiments  were  conducted  in  a  com¬ 
plete  passive  mode  at  ambient  conditions  (293  K  and  1  atm), 
methanol  solutions  with  different  concentrations  were  fed  into 
the  reservoir  by  a  syringe  through  the  injection  hole,  and  left 
in  the  cell  from  a  few  minutes  to  1  h  based  on  the  methanol 
concentration.  We  avoided  direct  contact  of  the  MEA  with  the 
solution  for  a  long  time  when  the  methanol  concentration  was 
high.  The  current-voltage,  i-V ,  characteristics  were  measured 
by  linear  sweep  voltammetry  from  the  open  circuit  voltage  to 
zero  at  the  scan  rate  of  1  mV  s_1 .  After  that,  the  current  density 
versus  time,  i-t  characteristic,  at  0. 1  V  was  measured  for  5-12  h. 
These  measurements  were  conducted  using  an  electrochemical 
measurement  system  (HAG-5010,  Hokuto  Denko  Co.  Ftd.).  The 
temperature  of  the  cell  was  also  measured  using  a  thermocouple 
placed  between  the  surface  of  the  anode  current  collector  and 
the  porous  plate. 

At  the  end  of  the  i-t  experiments  for  a  certain  methanol  con¬ 
centration,  the  weight  loss  of  the  entire  cell  holder  was  measured 
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and  the  methanol  concentration  of  the  remaining  solution  in  the 
reservoir  was  also  measured  by  gas  chromatography.  Based  on 
the  results,  methanol  and  water  fluxes  during  the  i-t  experiment 
were  evaluated  as  shown  below.  The  remaining  solution  was  then 
removed  from  the  reservoir,  and  a  new  solution  with  another  con¬ 
centration  was  injected  into  the  cell.  The  similar  measurements 
were  conducted  for  the  new  solution. 


where  A  is  the  apparent  electrode  area,  t  is  the  time  during  the  i-t 
experiment  and  F  is  the  Faraday’s  constant.  On  the  other  hand, 
the  weight  loss  of  methanol  from  the  reservoir,  AMlm,  and  that 
of  water,  AMlw,  was  calculated  as  follows: 

AMlm  =  32(C0Vb  -  CaVa)  (4) 

AMlw  =  AMlt  —  AMlm  (5) 


2.5.  Evaluation  of  the  methanol  and  water  flux 


The  weight  loss  of  the  reservoir  during  the  i-t  experiment, 
AMlt,  which  was  obtained  by  subtracting  the  final  weight  of 
the  remaining  solution  in  the  reservoir  after  the  experiment,  Wa, 
from  that  of  the  initial  weight,  Wo,  can  be  expressed  as  follows: 

AMlt  =  W0  -  Wa 

=  AMpm  +  A  Mpw  +  AMrm  +  AMrw  +  A  My 


where  AMpm  and  AMpw  are  the  weight  losses  of  methanol 
and  that  of  water  permeating  from  the  anode  to  the  cathode, 
respectively.  AMrm  and  AMrw  are  the  weight  losses  of  the 
methanol  and  that  of  water  consumed  by  the  anode  reaction, 
respectively,  and,  AMy  is  the  weight  loss  due  to  the  evaporation 
of  the  solution  and  CO2  gas  exhaust  through  the  injection  tube 
open  to  the  environment. 

Here,  AMy  was  experimentally  confirmed  that  it  was  less 
than  1%  of  AMlt  and  therefore  negligible.  Both  AMrm  and 
AMrw  were  calculated  by  integrating  the  area  of  the  i-t  curve 
assuming  the  complete  oxidation  of  methanol: 

CH3OH  +  H20  -*  6H+  +  C02  +  6e  (1) 


as  follows: 


AMrm  = 


32A  f  i(r)  d t 
6  F 


AMrw  = 


ISA/oHQdf 
6  F 


(2) 

(3) 


where  Co  and  Vo  are  the  concentration  and  volume  of  the 
methanol  solution  in  the  reservoir  at  the  start  of  the  experi¬ 
ment,  respectively,  and  Ca  and  Va  are  those  after  the  experiment, 
respectively. 

Hence,  the  methanol  flux,  Jm  and  water  flux,  /w,  that  per¬ 
meated  through  the  MEA  from  the  anode  to  the  cathode,  were 
calculated  as 


AMlm  —  AMrm 
At 


AMlw  —  AMrw 
At 


The  Faraday  efficiency,  r/p,  could  be  calculated  as 

AMrm 
?7f  = - 

AMlm 


3.  Results  and  discussion 


3.1.  Current-voltage  characteristics  of  the  passive  DMFC 
operated  at  different  methanol  concentrations  with  or 
without  the  porous  plate 

Fig.  2a  and  b  shows  the  changes  in  the  cell  voltage,  V,  and 
power  density,  P,  as  a  function  of  the  current  density,  i,  respec¬ 
tively,  of  the  passive  DMFC  without  the  porous  plate,  i.e.,  a 
conventional  MEA  denoted  hereafter  as  MEAc,  operated  with 
various  methanol  concentrations  from  1.0  to  5.0  M.  As  shown 
in  Fig.  2a,  the  cell  voltage  at  the  high  current  densities  over 
50  mA  cm-2  showed  a  maximum  at  2  M  and  decreased  with  a 
further  increase  in  the  methanol  concentration  mainly  due  to  the 


Fig.  2.  Effect  of  methanol  concentration  on  the  performance  of  the  passive  DMFC  without  the  porous  plate,  MEAc:  (a)  polarization  curve;  (b)  power  density  curve. 
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Fig.  3.  The  performance  of  the  passive  DMFC  with  the  porous  plate,  MEA/PCP,  within  the  low  methanol  concentration  range  from  2  to  12  M:  (a)  polarization  curve; 
(b)  power  density  curve. 


methanol  crossover.  The  maximum  power  density  was  about 
24  mW  cm-2  as  shown  in  Fig.  2b.  The  current  densities  at  low 
cell  voltages  and  high  methanol  concentrations  fluctuated  and 
were  unstable  as  shown  in  the  figures.  This  was  not  due  to  an 
experimental  error,  and  suggested  that  the  flooding  occurred  at 
the  cathode  that  affected  the  performance. 

Fig.  3a  and  b  shows  the  i-V  and  i-t  performances,  respec¬ 
tively,  for  the  passive  DMFC  with  PCP,  denoted  hereafter  as 
MEA/PCP,  operated  at  methanol  concentrations  from  2  to  12  M. 
At  the  high  current  densities  over  50  mA  cm-2,  the  performances 
increased  with  increasing  methanol  concentration.  At  the  low 
cell  voltages,  the  current  did  not  increase  with  the  decreasing  of 
the  cell  voltage  at  each  methanol  concentration,  clearly  showing 
that  a  limiting  current  occurred  due  to  the  shortage  of  methanol 
supply  at  the  anode  side.  The  limiting  current  was  caused  by 
the  restriction  of  the  methanol  transfer  rate  from  the  reservoir  to 


the  anode  by  the  porous  plate  [30,31]  even  at  a  high  methanol 
concentration  of  12  M  in  this  experiment. 

Fig.  4a  and  b  shows  the  performances  of  the  MEA/PCP  oper¬ 
ated  at  methanol  concentrations  over  14  M.  As  shown  in  Fig.  4a, 
the  limiting  current  was  not  observed  in  the  i-V  curves  as  a  result 
of  increasing  the  concentration.  The  decrease  in  the  cell  voltage 
at  almost  every  current  density  with  the  increasing  methanol  con¬ 
centration  over  16  M  would  be  due  to  the  effect  of  the  methanol 
crossover.  The  power  density  at  16  M  reached  24  mW  cm-2  as 
shown  in  Fig.  4b.  It  should  be  noted  that  the  DMFC  with  the  PCP 
could  be  operated  at  a  high  methanol  concentration  of  16  M  by 
maintaining  its  maximum  power  density  like  that  of  the  DMFC 
without  the  PCP  at  2M.  Fluctuation  in  the  current  density  was 
also  found  in  these  figures  at  high  methanol  concentrations,  sug¬ 
gesting  that  the  flooding  occurred  at  the  conditions  in  the  case 
of  MEA/PCP. 


Fig.  4.  The  performance  of  the  passive  DMFC  with  the  porous  plate,  MEA/PCP,  within  the  high  methanol  concentration  range  from  14  M  to  neat  methanol:  (a) 
polarization  curve;  (b)  power  density  curve. 
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Time  [h] 


Fig.  5.  Current  profile  during  continuous  operation  of  passive  DMFC  without 
the  porous  plate,  MEAc,  at  cell  voltage  of  0.1  V. 


3.2.  Time  progress  of  the  current  at  a  constant  cell  voltage 

Fig.  5  shows  the  current  density  versus  time,  i-t  curves, 
at  0.1  V  for  the  DMFC  without  the  PCP,  MEAc,  at  different 
methanol  concentrations  from  1.0  to  8.0  M.  From  this  figure,  it 
was  clear  that  the  current  density  was  initially  high,  then  rapidly 
decreased  to  less  than  one-third  of  its  initial  value  within  1  h. 
The  current  density  further  decreased  with  time,  and,  finally, 
reached  nearly  zero  for  all  of  the  methanol  concentrations.  The 
time  at  which  the  current  density  reached  nearly  zero  depended 
on  the  methanol  concentration.  The  lower  the  concentration,  the 
shorter  the  time.  The  rapid  reduction  in  the  initial  current  den¬ 
sity  would  be  related  to  the  rapid  depletion  of  the  methanol  at 
the  anode  due  to  a  high  MCO  rate  at  the  high  methanol  con¬ 
centration  like  8  M,  or  the  low  initial  methanol  at  low  methanol 
concentrations.  Fluctuation  in  the  current  density  was  observed 
at  high  methanol  concentrations  over  3  M  and  it  increased  with 
the  increasing  concentration  up  to  8  M.  It  would  be  due  to  the 


effect  of  the  flooding,  because  we  visually  confirmed  the  forma¬ 
tion  of  a  water  film  and  droplets  on  the  cathode  surface  under 
these  conditions. 

Fig.  6a  and  b  shows  the  variations  in  the  current  density 
at  0.1  V  for  the  MEA/PCP,  for  methanol  concentrations  from 
2  to  12  M,  and  high  methanol  concentrations  from  14  M  to 
neat  methanol,  respectively.  The  current  density  somewhat  ini¬ 
tially  decreased,  then  it  was  nearly  constant  with  time  within 
2h  in  contrast  to  that  for  the  MEAc.  This  was  related  to 
the  employment  of  the  PCP,  which  constantly  regulated  the 
methanol  transfer  rate  from  the  reservoir  to  the  anode  and  pre¬ 
vented  any  excess  loss  of  methanol  by  the  MCO.  The  regulation 
could  be  understood  from  the  constant  current  density  which 
almost  proportionally  increased  with  the  increasing  methanol 
concentration  in  the  range  from  2  to  16  M  as  shown  in  Fig.  6a 
and  b.  The  constant  current  density  further  increased  with  the 
increasing  methanol  concentration  until  it  reached  a  maximum, 
about  130  mA  cm-2,  at  20  M,  and  then  decreased  with  a  further 
increase  in  the  methanol  concentration  as  shown  in  Fig.  6b.  The 
decrease  in  the  constant  current  density  over  20  M  would  be  due 
to  the  MCO  as  well  as  a  depletion  of  water  in  the  solution.  An 
equimolar  amount  of  methanol  and  water  react  with  each  other 
at  the  anode  based  on  Eq.  (1).  Hence,  operation  at  high  concen¬ 
trations  over  17  M  (=50mol%),  especially  neat  methanol,  must 
requires  a  water  supply  to  the  anode  based  on  a  stoichiomet¬ 
ric  consideration.  The  optimum  concentration,  20  M,  that  was 
higher  than  that  in  the  case  of  the  i—V  curve,  16  M,  as  shown  in 
Fig.  4b,  was  related  to  the  relaxation  time  for  the  mass  trans¬ 
fer  in  this  experiment,  because  the  current  density  at  16  M  was 
the  highest  within  the  first  hour  from  the  start.  The  periodical 
fluctuation  in  the  temperature,  that  appeared  at  the  high  current 
densities  over  70  mA cm-2,  except  for  the  case  with  the  neat 
methanol,  was  related  to  the  periodical  changes  in  the  ambient 
room  temperature  with  db  1  K  controlled  by  an  air  conditioner. 
Neither  a  water  film  nor  water  droplets  were  found  at  the  cath¬ 
ode  surface,  during  the  experiment  for  MEA/PCP  even  for  neat 
methanol,  suggesting  that  the  electrode  was  free  from  flooding. 


Fig.  6.  Current  profile  during  continuous  operation  of  passive  DMFC  with  the  porous  plate,  MEA/PCP,  at  cell  voltage  of  0. 1  V:  (a)  with  methanol  concentration  from 
2  to  12  M;  (b)  with  methanol  concentration  from  14  M  to  neat  methanol. 
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Although  the  current  density  was  relatively  low,  it  was  demon¬ 
strated  that  the  neat  methanol  could  be  used  as  shown  in  Fig.  6b. 
The  current  density  was  initially  low  then  slightly  increased  with 
time.  This  slight  increase  in  the  performance  would  be  caused 
by  the  water  supply  from  the  cathode  to  the  anode  due  to  the 
back  diffusion  of  water  as  will  be  mentioned  later. 

3.3.  Influence  of  methanol  concentration  on  the  cell 
temperature 

Fig.  7  shows  the  changes  in  cell  temperature  during  the  i-t 
experiment,  Fig.  5,  for  the  ME  Ac .  The  lines  show  a  moving  aver¬ 
age  temperature,  because  the  cell  temperature  fluctuated,  within 
zb  1  K  from  the  line,  accompanied  with  the  change  of  the  ambient 
temperature  controlled  by  an  air  conditioner.  The  cell  tempera¬ 
ture  initially  increased  to  a  certain  level  then  decreased  showing 
a  peak  in  the  temperature  profile.  As  the  methanol  concentration 
increased,  the  level  of  the  peak  increased.  When  the  concentra¬ 
tion  was  as  high  as  8  M,  the  temperature  increased  from  298  to 
315  K  and  then  decreased.  It  has  already  been  pointed  out  that 
the  cell  temperature  of  a  passive  DMFC  is  generally  related  to 
the  magnitude  of  the  MCO  [11,16]  and  also  the  increase  in  the 
temperature  by  the  MCO  reflexively  accelerates  the  MCO  [31]. 
The  depletion  in  the  methanol  at  the  anode  would  decrease  the 
MCO  and  then  the  temperature  after  the  peak. 

Fig.  8  shows  the  cell  temperature  for  the  MEA/PCP  at  dif¬ 
ferent  methanol  concentrations  from  4  M  to  neat  methanol,  cor¬ 
responding  to  the  i-t  experiment  shown  in  Fig.  6a  and  b,  in 
the  similar  way  of  the  representation  as  shown  in  Fig.  7.  It  was 
clearly  shown  in  this  figure  that  the  employment  of  the  PCP 
kept  the  cell  temperature  low  and  constant  compared  to  that 
for  the  MEAc,  where,  the  temperature  of  the  MEA/PCP  at  8  M 
was  about  297  K,  but  it  was  greater  than  315  K  for  the  MEAc 
at  the  same  concentration.  The  temperature  for  MEA/PCP  rela¬ 
tively  decreased  with  time  after  several  hours  due  to  the  decrease 
in  the  MCO  that  resulted  from  the  decrease  in  the  methanol 
concentration  with  time.  The  cell  temperature  increased  with 


Fig.  8 .  Variations  in  operating  cell  temperature  of  passive  DMFC  with  the  porous 
plate,  MEA/PCP,  at  cell  voltage  of  0. 1  V.  The  plot  shows  an  actual  temperature 
and  the  line  shows  moving  average  temperature. 

increasing  methanol  concentration  and  reached  about  3 1 8  K  for 
neat  methanol. 

The  initial  temperatures  for  the  MEA/PCP  were  higher  than 
that  for  the  MEAc  due  to  the  MCO  during  the  open  circuit 
situation  before  the  i-t  measurement.  Before  starting  the  i-t  mea¬ 
surement,  the  cell,  in  case  of  the  MEA/PCP,  was  maintained  at 
open  circuit  situation  for  a  certain  time  from  a  few  minutes  to 
more  than  1  h  based  on  the  methanol  concentration  in  order  to 
make  the  methanol  concentration  at  the  anode  surface  close  to 
that  of  the  solution  in  the  reservoir,  after  the  injection  of  the 
solution  with  a  certain  methanol  concentration  into  the  reser¬ 
voir.  During  this  open  circuit  situation,  the  temperature  of  the 
MEA/PCP  somewhat  increased. 

It  was  very  clear  from  Figs.  7  and  8  that  the  temperature 
profile  coincided  with  the  current  profile,  suggesting  that  the 
performance  was  sensitive  to  the  temperature. 


Time  [h] 


Fig.  7.  Variations  in  operating  cell  temperature  of  passive  DMFC  without  the 
porous  plate,  MEAc,  at  cell  voltage  of  0.1  V.  The  plot  shows  an  actual  temper¬ 
ature  and  the  line  shows  moving  average  temperature. 


Fig.  9.  Effect  of  methanol  concentration  on  initial  current  density  for  ME  A  with 
and  without  the  porous  plate. 
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Fig.  10.  Effect  of  methanol  concentration  on  steady  current  density  for  ME  A 
with  and  without  the  porous  plate. 

Fig.  9  shows  the  effect  of  the  methanol  concentration  on 
the  initial  current  density,  the  peak  current  density  appeared 
within  5  min  from  the  start,  for  the  MEA  with  and  without  the 
porous  plate.  The  peak  current  density  reached  the  maximum, 
160  mA  cm-2,  at  2M  for  the  MEAc,  but  decreased  with  the 
increasing  methanol  concentration.  On  the  other  hand,  in  the 
case  of  the  MEA/PCP,  the  initial  current  density  reached  about 
190  mA  cm-2  at  the  methanol  concentrations  ranging  from  12 
to  20  M.  A  similar  peak  current  density,  but  at  different  methanol 
concentrations  for  the  MEAc  and  MEA/PCP  suggested  that  the 
mass  transfer  of  methanol  was  restricted  at  the  MEA/PCP,  but 
the  electrode  activity  was  reproduced  with  the  high  methanol 
concentrations  at  the  MEA/PCP. 

Fig.  10  shows  the  effect  of  the  methanol  concentration  on  the 
steady  current  density,  which  was  defined  as  the  current  den¬ 
sity  at  300  min  from  the  start,  for  the  MEAc  and  MEA/PCP. 
In  the  case  of  the  MEAc,  the  steady  current  density  increased 
with  the  increasing  methanol  concentration  from  1  to  4  M  and 
reached  about  40  mA  cm-2 ;  this  value  slightly  increased  with  the 
increasing  concentration  up  to  8  M.  On  the  other  hand,  for  the 
MEA/PCP,  the  steady  current  density  increased  with  the  increas¬ 
ing  methanol  concentration  and  reached  about  130  mA  cm-2  at 
20  M,  which  was  three  times  higher  than  that  for  the  MEAc 
and  was  similar  to  the  maximum  initial  current  density  for  the 
MEAc  •  The  proportional  dependency  of  the  current  density  on 
the  concentration  up  to  20  M  meant,  again,  that  the  methanol 
supply  to  the  anode  was  the  rate  limiting  step. 

This  figure  clearly  showed  the  significant  effect  of  employing 
the  PCP,  i.e.,  a  very  high  methanol  concentration  like  20  M  could 
be  used,  and  the  current  density  was  three  times  higher  than  that 
for  the  MEAc. 

3.4.  Permeation  of  methanol  and  water  through  membrane 

Fig.  1 1  shows  the  effect  of  the  methanol  concentration  on  the 
MCO  as  the  methanol  flux  through  the  membrane,  Jm ,  defined 
by  Eq.  (6),  for  MEAc  and  MEA/PCP.  As  shown  in  the  figure,  the 


Fig.  1 1 .  Effect  of  methanol  concentration  on  methanol  crossover  for  MEA  with 
and  without  the  porous  plate. 

MCO  for  both  MEAc  and  MEA/PCP  increased  with  the  increas¬ 
ing  methanol  concentration,  but  differently.  It  would  be  due  to 
the  increase  in  the  driving  force  of  the  methanol  transfer,  i.e.,  the 
difference  in  the  concentration  of  methanol  between  the  anode 
surface  and  the  cathode  surface.  It  was  very  clear  in  the  figure 
that  the  MCO  for  MEA/PCP  at  any  methanol  concentration  was 
very  small,  about  1/10,  in  comparison  to  that  for  the  MEAc  •  And 
then,  the  MCO  for  MEAc  at  7  M  was  nearly  equivalent  to  that 
for  the  MEA/PCP  at  20  M. 

On  the  other  hand,  Fig.  12  shows  the  effect  of  the  methanol 
concentration  on  the  water  flux  through  the  membrane,  /w, 
defined  by  Eq.  (7),  for  MEAc  and  MEA/PCP.  As  shown  in 
the  figure,  the  water  flux  for  MEAc  was  about  0.1  gm-2  s_1) 
and  this  value  was  not  affected  by  the  methanol  concentration. 
Whereas,  in  the  case  of  MEA/PCP,  the  water  flux  decreased 
with  the  increasing  concentration,  and,  noteworthy,  it  became 
negative  from  6M  and  further  decreased  as  the  methanol 


Fig.  12.  Effect  of  methanol  concentration  on  water  flux  for  MEA  with  and 
without  the  porous  plate. 


M.  Ali  Abdelkareem,  N.  Nakagawa  /  Journal  of  Power  Sources  162  (2006)  114-123 


121 


concentration  increased.  The  negative  flux  meant  the  back 
diffusion  of  water  from  the  cathode  to  the  anode.  The  magnitude 
of  the  back  diffusion  of  water  increased  with  the  increasing 
concentration.  This  must  be  a  result  of  the  balance  of  water  that 
was  consumed  at  the  anode  and  that  supplied  from  the  reservoir 
and  from  the  cathode  through  the  membrane.  Water  can  be 
supplied  not  only  from  the  reservoir,  but  also  from  the  cathode 
where  water  is  produced  by  the  oxygen  reduction  reaction  and 
by  the  oxidation  of  the  permeated  methanol.  The  back  diffusion 
of  water  from  the  cathode  was  desirable  for  the  DMFC  to 
prevent  the  cathode  from  flooding.  Actually,  neither  a  water 
film  nor  water  droplets  were  observed  at  all  on  the  cathode 
surface  during  the  i—t  experiments  for  the  MEA/PCP,  whereas, 
flooding  was  very  clear  at  the  cathode  in  case  of  the  MEAc. 
This  would  be  one  of  the  main  reasons  for  the  MEA/PCP  to 
have  superior  i-t  performances  compared  to  that  for  the  MEAc. 

As  shown  in  Figs.  11  and  12,  it  was  clear  that  not  only  the 
methanol  flux,  but  also  the  water  flux  were  significantly  reduced 
by  employing  the  PCP.  In  our  previous  paper,  we  found  that 
the  PCP  controlled  the  methanol  flux  and  water  flux  through 
the  membrane  under  open  circuit  conditions  by  the  diffusion 
resistance  of  the  PCP  [31].  Different  from  the  cases  of  the  open 
circuit  conditions,  we  need  to  consider  effect  of  CO2  gas  that  was 
produced  at  the  anode.  The  CO2  gas  would  be  accumulated  in  the 
space  between  the  anode  and  the  porous  plate  and  also  in  some 
of  the  pores  of  the  PCP  preparing  a  layer  of  CO2  gas.  Once  the 
gas  layer  was  formed,  it  was  maintained  during  the  experiment. 
This  CO2  gas  layer  must  add  an  additional  resistance  to  the  mass 
transport,  because  the  CO2  has  to  be  transported  from  the  anode 
to  the  outlet  through  the  PCP  in  a  counter  flow  to  that  of  the 
methanol  and  the  water,  in  this  experiment.  Also,  the  methanol 
and  the  water  have  to  be  transported  as  gaseous  materials  in 
the  gas  layer  with  the  CO2.  Hence,  these  effects  significantly 
reduced  the  rate  of  the  mass  transport  of  methanol  and  water 
from  the  reservoir  to  the  anode,  which  resulted  in  a  very  strong 
reduction  of  the  MCO  and  negative  flux  of  water  as  shown  in  the 
figure.  We  postulate  that  the  PCP  and  the  CO2  gas  layer  acted 
as  a  barrier  for  the  methanol  and  water  transport,  where  the  PCP 
was  necessary  to  prepare  and  stably  maintain  the  CO2  layer  over 
the  anode  surface. 

To  check  the  effect  of  the  CO2  barrier  on  the  cell  perfor¬ 
mance,  we  changed  the  distance  between  the  anode  and  the  PCP 
using  two  current  corrector  plates  at  the  anode.  Fig.  13  shows 
the  effect  of  the  distance  between  the  PCP  and  the  anode  sur¬ 
face  on  the  steady  current  density  at  the  cell  voltage  of  0.1  V. 
In  this  experiment,  a  different  MEA  with  a  somewhat  differ¬ 
ent  catalyst  loading  from  that  used  in  the  above  figures  was 
used.  The  result  with  a  2  mm  distance  was  not  the  same  as 
that  shown  in  Fig.  10.  From  this  figure,  it  was  clear  that,  as  the 
distance  increased  from  2  to  4  mm,  the  steady  current  density 
decreased  from  140  mA  cm-2  at  16  M  to  100  mA  cm-2  at  20  M. 
This  could  be  explained  by  the  fact  that  as  the  distance  between 
the  PCP  and  the  anode  surface  increased,  the  resistance  to  the 
mass  transfer  increased,  so  the  performance  at  a  certain  con¬ 
centration  decreased  and  the  optimum  concentration  increased 
from  16  to  20  M,  to  compensate  for  the  methanol  supply  from 
the  reservoir. 


Fig.  13.  Effect  of  the  distance  between  the  anode  and  the  porous  plate  on  the 
performance  of  the  passive  DMFC. 

Fig.  14  shows  the  comparison  of  the  Faraday  efficiency 
between  the  MEAc  and  MEA/PCP  corresponding  to  the  results 
shown  in  Figs.  5-12.  It  should  be  noted  that,  in  case  of  the 
MEA/PCP,  the  Faraday  efficiency  was  significantly  higher  than 
that  in  the  case  of  MEAc  over  the  entire  range  of  measured 
methanol  concentrations.  In  the  case  of  MEAc,  the  Faraday 
efficiency  decreased  from  75%  at  1  M  to  about  30%  at  5M. 
Contrary  to  this,  it  only  decreased  from  80%  at  2  M  to  60%  at 
14  M  in  the  case  of  MEA/PCP.  The  Faraday  efficiency  for  the 
MEAc  at  5  M  was  nearly  the  same  as  that  at  22  M  for  MEA/PCP. 
This  was  a  direct  result  of  controlling  the  MCO  by  employing 
the  PCP  showing  that  the  methanol  was  efficiently  converted 
to  a  power  output,  and  also  that  a  very  high  methanol  concen¬ 
tration  could  be  efficiently  used.  The  efficient  utilization  of  the 
methanol  in  the  MEA/PCP  was  also  explained  in  Fig.  15  that 
shows  the  relationships  between  WJWq  and  CJCq  for  the  i-t 


Fig.  14.  Effect  of  methanol  concentration  on  faradic  efficiency  for  MEA  with 
and  without  the  porous  plate. 
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Fig  .15.  Relationship  between  the  decrease  in  the  weight  and  that  of  the  methanol 
concentration  for  the  methanol  solution  remaining  in  the  reservoir  during  the 
experiments  of  the  MEA  with  and  without  the  porous  plate. 

experiments  corresponding  to  Fig.  14.  We  can  see  in  this  figure 
that  how  the  concentration  and  the  weight  of  the  input  methanol 
solution  changed  during  the  i-t  experiments  for  both  the  MEAc 
and  MEA/PCP. 

As  shown  above,  the  employment  of  the  porous  plate  made 
the  efficient  utilization  of  the  high  methanol  concentrations  pos¬ 
sible  by  controlling  the  mass  transport  from  the  reservoir  to  the 
anode.  The  employment  of  PCP  is  quite  effective  for  achieving 
an  efficient  DMFC  and  an  important  technique  to  increase  its 
power  density.  The  back  diffusion  of  water  from  the  cathode 
to  anode  was  confirmed  at  the  high  methanol  concentrations. 
This  back  diffusion  of  water  through  the  Nafion  membrane  with 
a  high  water  permeability  would  be  essential  for  achieving  a 
high  performance  with  this  type  of  mechanism  using  the  porous 
plate.  Although  the  power  output,  24  mW  cm-2,  obtained  in  this 
study  may  not  be  enough  for  an  actual  DMFC,  we  can  expect 
a  higher  performance  by  optimizing  the  catalyst  layer  and  also 
the  other  electrode  structure  including  the  distance  between  the 
anode  and  the  porous  plate  as  well  as  the  pore  structure  of  the 
porous  plate.  The  i-t  performance  with  different  cell  voltages 
and  with  different  porous  plates  for  the  MEA/PCP  is  currently 
under  investigation  by  the  authors.  It  will  be  reported  in  the  near 
future. 

4.  Conclusions 

Performance  of  the  passive  DMFC  with  and  without  the  PCP 
was  investigated  under  closed  circuit  conditions  with  different 
methanol  concentrations  ranging  from  1  M  to  neat  methanol, 
and  the  following  conclusions  were  drawn: 

(1)  Mass  transfers  both  of  the  methanol  and  water  from  the 
reservoir  to  the  anode  were  significantly  restricted  by  the 
employment  of  the  PCP  on  the  anode  side.  It  was  considered 
that  the  CO2  gas  layer  formed  between  the  anode  and  PCP 
restricted  the  mass  transfer,  and  the  PCP  stably  maintained 
the  CO2  layer  over  the  anode. 


(2)  As  a  result  of  the  mass  transfer  restrictions  by  employing 
the  PCP,  high  methanol  concentrations,  even  neat  methanol, 
could  be  efficiently  used.  This  resulted  in  a  high  power  den¬ 
sity  for  the  DMFC. 

(3)  The  back  diffusion  of  water  from  the  cathode  to  the  anode 
was  confirmed  at  relatively  high  methanol  concentrations 
for  the  DMFC  with  PCP.  This  was  required  in  order  to 
prevent  the  cathode  from  flooding  and  increased  the  cell 
performance. 
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